A 2.45 GHz microwave-plasma chemical-vapor deposition (MPCVD) reactor was designed and built in-house by collaborating with Guangdong TrueOne Semiconductor Technology Co., Ltd. A cylindrical cavity was designed as the deposition chamber and a circumferential coaxial-mode transformer located at the top of the cavity was adopted as the antenna. Two quartz-ring windows that were placed far away from the plasma and cooled by water-cooling cavity walls were used to affix the antenna to the cavity and act as a vacuum seal for the reactor, respectively. This design improved the sealing and protected the quartz windows. In addition, a numerical simulation was proposed to predict the electric-field and plasma-density distributions in the cavity. Based on the simulation results, a microwave-plasma reactor with TM 021 mode was built. The leak rate of this new reactor was tested to be as low as 1 × 10 −8 Pa·m 3 ·s −1 , and the maximal microwave power was as high as 10 kW. Then, single-crystal diamond films were grown with the morphology and crystalline quality characterized by an optical microscope, atomic force microscope (AFM), Raman spectrometer, photoluminescence (PL) spectrometer, and high-resolution X-ray diffractometer. It was shown that the newly developed MPCVD reactor can produce diamond films with high quality and purity.
Introduction
Diamond films have unique mechanical, electrical, optical, and thermal properties, and a variety of applications. In particular, the diamond is called the ultimate semiconductor material for electronic devices that may operate at high power and high frequency [1] [2] [3] . As the chemical bond of diamonds is very strong, diamond devices can work at high temperatures, as well as under strong chemical environments or in high-radiation conditions [4] .
At present, there are two main methods for synthesizing diamond crystals, high-pressure high-temperature (HPHT) and chemical-vapor deposition (CVD). For the HPHT method, it is difficult to grow large single-crystal diamonds and the crystal size is mainly smaller than 10 × 10 mm 2 , while the CVD method is the more promising approach to produce large-size high-quality diamond films [5] . There are three typical ways to grow CVD diamond films in the laboratory: direct-current (DC) is ignited in a low-pressure atmosphere. Source gases are blown into the discharge area and dissociated into reactive radicals, which hit the substrate surface via atomic processes such as adsorption, desorption, diffusion, and nucleation. Diamond films are grown through these processes on the substrate at temperatures of 800-1200 ℃. Figure 1 shows the cross-sectional schematic diagram of the newly developed cavity. The cavity of the reactor is composed of a cylindrical stainless-steel vacuum chamber with a volume of 4000 cm 3 . The inner diameter of the cylindrical cavity is 24 cm, which is almost twice the microwave wavelength when a 2.45 GHz microwave frequency is used. The cavity is entirely axis-symmetrical to make the distribution of microwave power into the plasma more uniform. Several ports were reserved to measure the substrate temperature and observe the plasma state during the growing process. The source gas inlet is on the left and the outlet is on the opposite side. The coaxial-mode transformer, located on the top of the cavity, was designed as a circumferential antenna. A quartz-ring window placed above the antenna was used to affix the antenna to the cylindrical cavity; the other quartz-ring window, located beneath the antenna, acted as a vacuum seal for the reactor to separate the cavity atmospheric region from the plasma-discharge region. The quartz windows, which were far away from the plasma and cooled by water-cooling cavity walls, could be effectively protected from etching and overheating from the plasma, according to this design. The sealing reliability of the reactor is provided by the pressure difference between the inside and outside of the cavity during the operation [19] . In addition, the gravity of the antenna could also enhance the sealing ability of the cavity. The bottom of the cavity was integrated with the water-cooling substrate stage, which was designed to keep the temperature of the substrate stable during the diamond-growing process. The shape of the cylindrical cavity can be changed by moving the substrate stage up and down along the longitudinal axis to make sure that the good real-time impedance-tuning function of the reactor can be realized.
Numerical Simulation
The traditional method to design an MPCVD reactor was trial and error, which was timeconsuming and costly [22] . Compared to the traditional method, a numerical simulation based approach could provide a theoretical basis and efficiently improve the design process. Here, the electric-field and plasma-density distributions in the resonant cavity were simulated.
The electric fields in the cavities could be calculated by the Maxwell equations [23, 24] , as follows:
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where E is the electric field, k 0 is the wave number of the microwave, ω is the microwave angular frequency of 2.45 GHz, σ is the plasma electric conductivity, µ 0 is the vacuum permittivity, µ r is the relative permittivity, ε 0 is the vacuum permeability, and ε r is the relative permeability. The distribution of electron density can be calculated with the following model [23, 25] .
×(−D e n e ) + R vr ·n 2 e + R a ·n e = R i ·E 2 ·n e .
In the above equations, D e is the ambipolar diffusion coefficient of electrons, n e is the electron density, and R i , R vr , and R a are the ionization coefficient of hydrogen molecules, coefficient of electron disappearance, and coefficient of electron-neutral loss, respectively. Moreover, the values of R i , R vr , and R a depend on the electron energy distribution function and the reduced electric field [26] . Here, the electron disappearance coefficient of R vr is 1 × 10 −13 m 3 /s, attachment term R a n e , can be neglected, and the value of R i is based on the comparison of the simulated results with the plasma distribution observed in the experiment [23] .
In the simulation, the radio frequency module and plasma module of COMSOL were used to calculate the conditions of input power of 3 kW and gas pressure of 130 mbar. Boundary conditions for the equations were assumed as follows. The pure hydrogen discharge was assumed because it was the key factor among the reactions [12] . For solving Maxwell equations, the walls of the cavity were assumed to be a perfect conductor, except for the two quartz windows, and the tangential electric field of the walls of the cavity was set to zero. The electron densities were assumed to be zero at the boundaries. where E is the electric field, k0 is the wave number of the microwave, ω is the microwave angular frequency of 2.45 GHz, σ is the plasma electric conductivity, μ0 is the vacuum permittivity, μr is the relative permittivity, ε0 is the vacuum permeability, and εr is the relative permeability. The distribution of electron density can be calculated with the following model [23, 25] .
(3) In the above equations, De is the ambipolar diffusion coefficient of electrons, ne is the electron density, and Ri, Rvr, and Ra are the ionization coefficient of hydrogen molecules, coefficient of electron disappearance, and coefficient of electron-neutral loss, respectively. Moreover, the values of Ri, Rvr, and Ra depend on the electron energy distribution function and the reduced electric field [26] . Here, the electron disappearance coefficient of Rvr is 1 × 10 −13 m 3 /s, attachment term Ra ne, can be neglected, and the value of Ri is based on the comparison of the simulated results with the plasma distribution observed in the experiment [23] .
In the simulation, the radio frequency module and plasma module of COMSOL were used to calculate the conditions of input power of 3 kW and gas pressure of 130 mbar. Boundary conditions for the equations were assumed as follows. The pure hydrogen discharge was assumed because it was the key factor among the reactions [12] . For solving Maxwell equations, the walls of the cavity were assumed to be a perfect conductor, except for the two quartz windows, and the tangential electric field of the walls of the cavity was set to zero. The electron densities were assumed to be zero at the boundaries.
. Figure 2a shows the numerical simulation results of vacuum electric-field distribution in the cavity at a microwave power of 3 kW. It could be observed that the TM021 mode was excited within the cavity. There was a maximum-intensity area above the substrate stage with a maximum value of 8.6 × 10 4 V•m −1 . The electric field and electron-density distribution with the consideration of plasma excitation are shown in Figures 2b, c, and the input power and reaction pressure were chosen to be 3 kW and 130 mbar. Electric-field intensity was found to have obviously attenuated above the substrate stage, compared to Figure 2a . A maximum value of 6.5 × 10 4 V•m −1 appeared in the inlet region of the coaxial-mode transformer. Such results could be attributed to the presence of plasma. When the plasma was generated, the conductivity and relative permeability of gas were changed and the intensity and distribution of the electric field in the cavity were varied as well, compared to those under its vacuum condition. Electron density is shown in Figure 2c and it could be seen that ballshaped plasma appeared above the center region of the substrate stage; the diameter of the plasma Figure 2a shows the numerical simulation results of vacuum electric-field distribution in the cavity at a microwave power of 3 kW. It could be observed that the TM 021 mode was excited within the cavity. There was a maximum-intensity area above the substrate stage with a maximum value of 8.6 × 10 4 V·m −1 . The electric field and electron-density distribution with the consideration of plasma excitation are shown in Figure 2b ,c, and the input power and reaction pressure were chosen to be 3 kW and 130 mbar. Electric-field intensity was found to have obviously attenuated above the substrate stage, compared to Figure 2a . A maximum value of 6.5 × 10 4 V·m −1 appeared in the inlet region of the coaxial-mode transformer. Such results could be attributed to the presence of plasma. When the plasma was generated, the conductivity and relative permeability of gas were changed and the intensity and distribution of the electric field in the cavity were varied as well, compared to those under its vacuum condition. Electron density is shown in Figure 2c and it could be seen that ball-shaped plasma appeared above the center region of the substrate stage; the diameter of the plasma was around 40 mm, with a maximum plasma density of 7.8 × 10 17 m −3 . No parasitic plasma appeared in the cavity. It could be indicated that the microwave energy was concentrated above the substrate stage after being coupled into the cavity by the coaxial-mode transformer. Moreover, the position of the plasma was far away from the ring-shaped quartz windows and the contamination problem introduced from quartz windows etched by plasma was solved in the newly developed reactor.
Reactor Performance
As shown in Figure 3a , the MPCVD device, named SCMP150, was manufactured collaboratively by Guangdong TrueOne Semiconductor Technology Co., Ltd (TrueOne, Foshan, Guandong, China) (www.chinasemi.net) and was automatically operated by a personal computer (PC). The reactor could work at 2.45 GHz with a maximum power of 10 kW. Figure 3b shows the hydrogen-plasma discharge in the reactor with a microwave power of 3 kW and a pressure of 130 mbar. The ball-shaped purple plasma was estimated to be around 40 mm in diameter, which was in good agreement with the theoretically predicted value. The leak rate was tested to be as low as 1 × 10 −8 Pa·m 3 ·s −1 , which indicated the reactor's outstanding sealing ability.
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As shown in Figure 3a , the MPCVD device, named SCMP150, was manufactured collaboratively by Guangdong TrueOne Semiconductor Technology Co., Ltd (TrueOne, Foshan, Guandong, China)(www.chinasemi.net) and was automatically operated by a personal computer (PC). The reactor could work at 2.45 GHz with a maximum power of 10 kW. Figure 3b shows the hydrogenplasma discharge in the reactor with a microwave power of 3 kW and a pressure of 130 mbar. The ball-shaped purple plasma was estimated to be around 40 mm in diameter, which was in good agreement with the theoretically predicted value. The leak rate was tested to be as low as 1 × 10 −8 Pa•m 3 •s −1 , which indicated the reactor's outstanding sealing ability. The experiments for the synthesis of single-crystal diamonds were performed to evaluate the built reactor. In this study, the polished (100)-oriented HPHT diamonds with a size of 4 × 4 × 1 mm 3 were used as the substrate. They were pretreated with sulfuric acid, acetone, ethanol, and deionized water to remove metallic and organic contaminations and then nitrogen was used to dry the substrate. High-purity-grade hydrogen (99.9999%) and methane (99.999%) were used as the source gases and were controlled by mass flow controllers. Temperature was monitored by a two-color infrared thermometer with a value of around 1000 ℃ during growth. Gas-flow rate, temperature, pressure, and microwave power were automatically controlled by the operation software.
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After a series of experiments, single-crystal diamond films were grown. The growth parameter, deposition rates, and crystalline quality of the diamond films are listed in Table 1 . During the diamond film deposition, the microwave power was 3 kW and the pressure was between 130 and 155 mbar, respectively. The CH 4 /H 2 ratio was set at between 1.5% and 3.5% and the deposition rates of the samples were in the range of 5.4-6.6 µm/h. The Raman full width at half maximum (FWHM) of the diamond peak was in the range of 3.1-3.5 cm −1 for Samples A, B, and C, which indicated that the diamond films were of high quality. The X-ray diffraction (XRD) rocking curve was also used to evaluate the crystalline quality of Samples A, B, and C, with the FWHM of the diamond (400) peak ranging from 35 to 43 arcsec. Herein, with similar characteristics, Sample C was chosen as an example to show the surface morphology and growth quality of the diamond films. Note: XRD, X-ray diffraction; FWHM, full width at half maximum. Figure 4a shows the optical image of Sample C, grown for 14 h under the above conditions. As can be seen, the growth surface was macroscopically smooth and there were two hillocks near the central flat region. The formation of the hillocks was mostly related to defects originating from the substrate surface [27] . The polycrystalline diamond at the corners grew much faster than the single-crystal diamond in the central region. The higher growth rate at the corners was probably related to the local maxima of the ring-shaped distributions of CH 3 concentrations [28] . The enlarged view of the flat surface is shown in Figure 4b . Growth steps were clearly observed, which suggested that the step-flow growth mode was dominated during growth under this condition. 4a shows the optical image of Sample C, grown for 14 h under the above conditions. As can be seen, the growth surface was macro d there were two hillocks near the central flat region. The formation of the hillocks was mostly related to defects originating from the ]. The polycrystalline diamond at the corners grew much faster than the single-crystal diamond in the central region. The higher grow was probably related to the local maxima of the ring-shaped distributions of CH3 concentrations [28] . The enlarged view of the flat igure 4b. Growth steps were clearly observed, which suggested that the step-flow growth mode was dominated during growth Moreover, the morphology and roughness in the central region of 100 × 100 µm 2 were obtained with atomic force microscopy. The images were scanned with a Bruker MultiMode 8 atomic force microscope (AFM) (Bruker, Germany) in ScanAsyst mode with SCANASYST-AIR tips. The two-dimensional image of the sample after growth is shown in Figure 5a , with the typical step-flow growth mode clearly observable, which was recognized as the growth mode for high-quality diamonds. The growth steps were found to be continuous and the bunched surface was smooth without etching pits. Root-mean-square (RMS) surface roughness was approximately 7.8 nm. Figure 5b shows the surface fluctuation along the yellow line in the AFM image. The average intervals and height from bottom to top along the terrace were about 17.5µm and 1.08 µm, respectively. dimensional image of the sample after growth is shown in Figure 5a , with the typical step-flow growth mode clearly observable, which was recognized as the growth mode for high-quality diamonds. The growth steps were found to be continuous and the bunched surface was smooth without etching pits. Root-mean-square (RMS) surface roughness was approximately 7.8 nm. Figure  5b shows the surface fluctuation along the yellow line in the AFM image. The average intervals and height from bottom to top along the terrace were about 17.5μm and 1.08 μm, respectively. Raman spectroscopy is a spectroscopic technology that is commonly used to identify diamonds, graphite, and amorphous carbon. The Raman spectra of the testing points on the sample (from Point A to Point E), measured with a RENISHAW inVia Raman spectrometer (Renishaw, Wotton-under-Edge, United Kingdom), are shown in Figure 6 . Five testing points were evenly distributed from center to periphery. The Raman spectra were measured from 1200 to 1600 cm −1 , excited by a He-Ne laser at 633 nm, with a spot size of 2 μm. As can be seen in Figure 6 , the Raman spectra of the sample only exhibited a strong diamond peak at 1332 cm −1 without any other peaks, indicating a diamond film of high purity and free of obvious carbonaceous impurities [29] . The full width at half maximum from Point A to Point E was approximately 3.0 cm −1 , which revealed the uniform crystalline quality of the grown diamond film. Raman spectroscopy is a spectroscopic technology that is commonly used to identify diamonds, graphite, and amorphous carbon. The Raman spectra of the testing points on the sample (from Point A to Point E), measured with a RENISHAW inVia Raman spectrometer (Renishaw, Wotton-under-Edge, United Kingdom), are shown in Figure 6 . Five testing points were evenly distributed from center to periphery. The Raman spectra were measured from 1200 to 1600 cm −1 , excited by a He-Ne laser at 633 nm, with a spot size of 2 µm. As can be seen in Figure 6 , the Raman spectra of the sample only exhibited a strong diamond peak at 1332 cm −1 without any other peaks, indicating a diamond film of high purity and free of obvious carbonaceous impurities [29] . The full width at half maximum from Point A to Point E was approximately 3.0 cm −1 , which revealed the uniform crystalline quality of the grown diamond film.
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As shown in Figure 8 , the crystalline quality of Sample C and the HPHT seed were studied with a high-resolution X-ray diffraction (PANalytical X'Pert MRD) rocking curve. The FWHM of the (400) face XRD rocking curve of Sample C was 43 arcsec, which is comparable to the 28 arcsec of the HPHT seed. The crystalline quality of Samples A, B, and C was also well comparable with films grown by other research groups, such as 47 arcsec reported by Mokuno et al. and 37 arcsec reported by Su et al. under similar growth parameters [5, 30] . vacancy (N-V) defect could exist in two charge states, with (N-V) 0 centered at 575 nm and (N-V) − centered at 637 nm, respectively. A silicon vacancy (Si-V) − , on the other hand, centered at 737 nm, could be created by etching the quartz windows during CVD [19] . It was shown that the PL spectrum of the CVD diamond films grown by the newly developed MPCVD reactor was dominated by the Raman peak of the diamond centered at 573 nm, and other PL peaks were nearly negligible. The results of the PL spectra indicated that there were very few impurities in the as-grown CVD diamond films. For these samples, the concentrations of nitrogen and silicon impurities were below the detection limits. The newly developed MPCVD reactor had outstanding leak-proof performance and nitrogen in the air was prevented from leaking into the reactor cavity. The quartz rings were wellprotected during the diamond-growth process and were not etched by the plasma.
As shown in Figure 8 , the crystalline quality of Sample C and the HPHT seed were studied with a high-resolution X-ray diffraction (PANalytical X'Pert MRD) rocking curve. The FWHM of the (400) face XRD rocking curve of Sample C was 43 arcsec, which is comparable to the 28 arcsec of the HPHT seed. The crystalline quality of Samples A, B, and C was also well comparable with films grown by other research groups, such as 47 arcsec reported by Mokuno 
Conclusions
A cylindrical-cavity-type MPCVD reactor was designed and built by analyzing the electric-field distribution and electron density in the cavity. The reactor possesses an entirely axis-symmetrical cylindrical geometry, which makes it possible for a good real-time impedance-tuning function to be realized during its operation. In addition, a circumferential antenna and quartz windows were proposed as its mode transformer and vacuum seal, respectively. The leak rate of the new reactor was tested to be as low as 1 × 10 −8 Pa•m 3 •s −1 , and the contamination problem from the external environment, as well the internal quartz windows, was effectively controlled. Experimentally, singlecrystal diamond films were grown and the measurement results indicated that uniform diamond 
A cylindrical-cavity-type MPCVD reactor was designed and built by analyzing the electric-field distribution and electron density in the cavity. The reactor possesses an entirely axis-symmetrical cylindrical geometry, which makes it possible for a good real-time impedance-tuning function to be realized during its operation. In addition, a circumferential antenna and quartz windows were Crystals 2019, 9, 320 9 of 11 proposed as its mode transformer and vacuum seal, respectively. The leak rate of the new reactor was tested to be as low as 1 × 10 −8 Pa·m 3 ·s −1 , and the contamination problem from the external environment, as well the internal quartz windows, was effectively controlled. Experimentally, single-crystal diamond films were grown and the measurement results indicated that uniform diamond films of high quality and purity were obtained. Further research on the performance of the reactor to improve the growth rate and quality at a higher-input microwave power and pressure will be conducted.
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